Background: Predicted increases in stream temperature due to climate change will have a number of direct and indirect impacts on stream biota. A potential intervention for mitigating stream temperature rise is the use of wooded riparian zones to increase shade and reduce direct warming through solar radiation. To assess the effectiveness of this intervention, we conducted a systematic review of the available evidence for the effects of wooded riparian zones on stream temperature. Methods: We searched literature databases and conducted relevant web searches. Inclusion criteria were: subjectany stream in a temperate climate; intervention -presence of trees in the riparian zone; comparator -absence of trees in the riparian zone; outcome measure -stream temperature. Included studies were sorted into 3 groups based on the scale of the intervention and design of the study. Two groups were taken forward for synthesis; Group 1 studies comparing water temperature in streams with and without buffer strips/riparian cover and Group 2 comparisons of stream temperatures in open and forested landscapes. Temperature data were extracted and quantitative synthesis performed using a random effects meta-analysis on the differences in mean and maximum temperature. Results: Ten studies were included in each of Groups 1 and 2. Results for both groups suggest that riparian wooded zones lower spring and summer stream temperatures. Lowering of maximum is greater than lowering of mean temperature. Further analysis of environmental variables that might modify the effects of the intervention was not possible using the limited set of studies. Conclusions: Wooded riparian zones can reduce stream temperatures, particularly in terms of maximum temperatures. Because temperature is known to affect fish, amphibian and invertebrate life history, the reported effect sizes are likely to have a biological significance for the stream biotic community. Consequently investment in creation of wooded riparian zones might provide benefits in terms of mitigating some of the ecological effects of climate change on water temperature. Considerable uncertainty lies in the environmental variables that may modify the cooling effect of wooded riparian zones, and therefore it is not possible to identify when the use of this intervention for cooling would be most valuable.
Background
There is a growing body of evidence to suggest that stream water temperature may be increasing [1] , which may have direct effects on poikilothermic organisms. There has been a particular concern that extreme summer temperatures due to climate change will affect fish populations. For instance, temperature can affect fish behaviour such as migration, leading to changes in the distribution and structure of river communities [2, 3] . Temperature can also affect metabolism and feeding, changing growth rate and important life history traits such as fecundity and longevity [4, 5] and disease susceptibility [6] . Similar concerns regarding the effects of increasing temperatures can be made for amphibians [7] and invertebrates [8] . Additionally, changes in riparian temperature can have a diverse range of impacts on primary productivity and decomposition, and may lead to changes in the structure and functioning of the whole biotic community [8, 9] . Although, the relative importance of water temperature, compared to other environmental factors that may also be changing, can be difficult to isolate e.g. [4] . Notably, riparian habitat can affect the amount of solar (shortwave) radiation received by the stream (i.e. the dominant heat flux) and so removal of tree cover may lead to an increase in water temperature [10] . In addition to energy receipt, other factors including hydraulic retention time and hydrological fluxes, especially ground water inflow or outflow, may also affect stream temperature [11] [12] [13] [14] , and affect the importance of riparian habitat for water temperature.
The riparian zone is the transition zone between a freshwater and terrestrial ecosystem [15] . The unique, dynamic and complex nature of riparian habitat means that it can support relatively high biodiversity and hence can be important for conservation management [9] . Changes in land use and river regulation may have led to a reduction in wooded riparian habitats next to rivers and streams; evidence is largely anecdotal but in many heavily grazed areas there is clearly little natural regeneration of trees to replace any lost through windthrow or bank erosion. Different activities have contributed to the declining riparian woodland, such as logging for timber [16] and livestock grazing and trampling [17] . Increasingly, there is concern that degradation of this habitat, and loss of riparian trees, may lead to a reduction in the abundance and diversity of species in the aquatic environment [9] .
The riparian zone can play a key role in the functioning of the aquatic ecosystem, affecting chemical, physical and biological processes [9, 15] . Therefore, degradation of this environment has implications for many different aspects of river function and services, such as a loss of bank stability leading to increased erosion and chemical leaching from the surrounding land. One potentially major impact of riparian habitat on stream functioning is via its influence on water temperature [10, 18] .
Management interventions have been proposed to limit the consequences of riparian degradation, such as the use of riparian buffer strips [19, 20] or livestock exclusion fencing [17] . Empirical research has been carried out to explore the importance of the riparian habitat and several reviews have been published addressing issues on this topic such as the effects of logging [16] and livestock [17] on stream and riparian ecosystems, and the relationship between stream temperature and forest harvesting [10] .
Restoration of riparian trees has been proposed as a means of increasing shade and countering rising stream temperature in the context of unavoidable climate change [21] . However, the scientific basis for these management decisions is limited with respect to stream temperature due to a lack of understanding of key physical processes to inform predictive modelling of land use change [18] .
This review examines the empirical evidence for the relationship between wooded riparian cover and stream temperature. CEE systematic review guidelines were used to comprehensively search for data, critically appraise the quality of study and quantitatively synthesise and compare the outcomes of different studies.
Methods
A review protocol was produced, which outlined the proposed plan of the systematic review [22] .
Searches
Searching for relevant research data was conducted using a range of databases and document types (peer-reviewed, theses, grey literature) to ensure a comprehensive and, as much as possible, unbiased sample of the relevant literature was obtained. In each case, no time or document type restrictions were applied. The following databases were used: Agricola, CAB abstracts, Conservation evidence, Copac, Index to Thesis on-line, Science Direct, Web of Science. The following search terms (where * denotes a wild card term) were used to search the databases. ((stream* or river*) and (forest* or wood*) and (afforest* or harvest* or logg*) and (temperature*)) (riparian) AND temperature* AND (logg* OR harvest* OR tree* OR shad* OR wood* or forest*).
An We also used Google to perform a general internet search. Either all publication titles were scanned or search words, such as 'riparian'and/or 'water temperature' used to search the site, depending on the search capability of the website and the number of publications.
Experts in the field, identified by review team members, were also contacted directly for suggestions of relevant studies.
Study inclusion and exclusion criteria
References captured from computerised databases were imported into an Endnote library and duplicates were removed. The following inclusion criteria were applied to each article: relevant subject(s) -any stream in a temperate climate; types of intervention -presence of trees in the riparian zone; types of comparator -absence of trees in the riparian zone; types of outcome measured -stream temperature.
In the first instance, the inclusion criteria were applied to title only to efficiently remove clearly irrelevant citations. Articles remaining were filtered further by viewing abstracts and then full text, to reach the final list of relevant articles. Two reviewers repeated the application of inclusion criteria on a subset (205 papers) at title and abstract reading level to ensure repeatability, calculated a kappa statistic of 0.54 and any discrepancies were resolved. After Kappa, the rules for title and abstract inclusion were clarified between the reviewers (exclusion of studies that only mention lakes, tropical climates, channelization/restoration/grazing/fires/hurricanes, unless it clearly created differences in riparian tree cover, or no indication of water temperature measurement in the abstract).
Studies that met the inclusion criteria of the review were pooled into three groups: 1) Studies comparing water temperature in reaches/ streams with buffer strips versus reaches/streams without buffer strips. Usually this comparison was created following logging (i.e. the comparison was streams that were fully logged versus streams which were logged but a buffer strip was left) but there a study [23] that involved the deliberate planting of buffer strips in comparison to a site without planting and a study that focused only on the effect of open/ shaded riparian cover [24] . 2) Studies comparing water temperature in reaches/ streams through meadows/moorland versus forests/ plantations. 3) Studies aiming to investigate the effects of forest harvesting and therefore comparing water temperature in logged versus unlogged (i.e. undisturbed) reaches or catchments.
Study quality assessment
Basic information was extracted from articles (from groups 1 and 2), when available, which included details of location of study (country and catchment/ river name), type of forest (as described by the author), type of study (before and after, inter-site comparison), intervention type (logging, buffer following logging, planted, experimental [i.e. the change in tree density was a manipulation performed by the researcher] etc.), number of catchments/streams, pairing of sites, presence of confounders/other managements, times of data collection and the presentation of data that would be suitable for meta-analysis. For group 3, information has also been recorded, when available, on buffer width and length, aspect of sites, stream width, elevation, stream discharge, habitat (e.g. pool-riffle) and stream order.
Data extraction strategy
Temperature data were extracted from articles or obtained from the author. In most cases, the observed temperature measurements could be extracted; exceptions were two studies presenting temperature change between upstream and downstream [25, 26] or one study presenting temperatures change from a forest control [27] . Effect sizes from studies were calculated as the difference between average temperature in the streams with trees and average temperature in streams without trees in the riparian zone (or difference in the temperature change in the case of the three studies cites above). We used a non-standardised metric as all studies measured temperature in the same units (degrees Celsius =°C). The variance of the effect size was calculated as the standard error of the difference between the means. Standard error for each mean was extracted when possible from the article (if multiple variances were presented, their average, and then the standard error was calculated) or calculated using temperature data presented; sample size was the number of reaches in each group. In the case of buffer studies, if there was more than one buffer width in a study, effect sizes were calculated separately for each width. Effect sizes of the average difference in maximum temperature are based on either average daily maximum or maximum observed over the study period depending on how the data were presented (in some studies this was not clearly reported). To separate effect sizes by seasons, we followed the classification of spring and summer of the author; in cases when this was not stated, we labelled spring as March -May, and summer as June-August (all included studies collected data in the Northern Hemisphere). Spring and summer were considered as the focus of the review was on higher temperatures due to their potentially lethal effects on biota. For the same reason, minimum temperature was not considered as a measure of thermal response to riparian land cover.
Data synthesis and presentation
For groups 1 and 2 Six analyses have been run for each group of studies: (1) averages based on any/all data available (2) maximums based on any/all data available; (3) as 1 except for spring data only; (4) as 2 except for spring data only; (5) as 1 except for summer data only; (6) as 2 except for summer data only. Data from Group 3 were not extracted/analysed (see section 4.4). The basic analysis (1) was a random effects meta-analysis with weighting by inverse variance to calculate the average effect size and its 95% confidence interval. We ran a series of analyses to verify the robustness of these results. (2) An unweighted analysis with the same total error as the weighted analysis; this was to test whether the assumption of comparability of the variance calculation of different studies was important. (3) Analysis 1 repeated on the aggregated data set (i.e. averaging over multiple data points from the same article) to account for issues of nonindependence. We also performed (4) a test for the presence of publication bias [28] , as indicated by a relationship between the effect size and precision (inverse variance of effect size), using the on the aggregated data set when there was at least four articles in the analysis. Using Stata's "Metainf" function (5), we tested the effect of removing each effect size, one-by-one in turn, on the average effect obtained by the meta-analysis of analysis 1 to verify that the results from single studies were not driving the overall average results. Finally (6), for studies in Group 1, we tested the relationship between buffer width and effect size with metaregression, which can be regarded as the same as standard regression (investigating whether the slope of the relationship significantly differs from zero) but individuals points (i.e. effect sizes) are weighted by their inverse variance, following the standard procedure of meta-analysis.
Results

Review statistics
An initial search was conducted on 22nd December 2008. The search was updated on the 5th August 2010 using the main databases from the first search. The initial search found a total of 1042 articles and the updated search found an additional 137 articles (including 4 articles suggested by experts, 3 which had only been published online and so had not yet been added to databases and one which was not picked up by the search terms) (see Additional file 1 for details of search results). Of those articles captured in the initial search, 293 articles passed title and abstract inclusion, of which 204 were successfully retrieved and read at full text. Of the articles captured in the updated search 24 passed the title and abstract inclusion. Following full text assessment, and assessment of articles from which data could be extracted, 39 articles were initially included in the review. The updated search found three additional articles.
Group 1
Group 1 included studies comparing water temperature in streams with and without buffer strips/riparian cover. Ten articles were identified following full text assessment, and from which data could be retrieved [23] [24] [25] [26] [27] [29] [30] [31] [32] [33] . These studies were conducted in USA (4), Canada (3), New Zealand (2) and UK (1). Eight were site comparison studies while the remaining two also had before-after data (BACI design). The interventions were: buffers created following harvesting (5 studies; in 2 cases the buffer was experimentally removed [i.e. the manipulation was performed by the researcher] for comparison); experimental buffer manipulations (3); planted buffer schemes (1) and a comparison of 'open' versus 'shaded' riparian zones (1) . See Additional file 2 for further details on these studies.
Analysis was conducted on the differences in average and maximum temperature. Firstly, data from all months were analysed together to maximise the number of studies in each analysis. Secondly, spring and summer months were analysed separately. See Additional file 3 for the forest plots of each analysis.
The overall mean difference in mean temperature of streams with and without a buffer strip was 0.39°C (95% CI = -0.13, 0.91). The effect size is larger for maximum temperature than mean temperatures (Table 1) . Maximum temperature was 3.16°C lower in the presence of buffer strips (95% CI = 2.06, 4.27). There was no evidence that the effect varied among different studies (no significant heterogeneity) in the weighted analysis. However, there was some evidence of variation in the summer mean and maximum differences among the results of different studies in the unweighted analysis. This was probably because the studies reporting the largest effect sizes were downweighted in the weighted analysis because of their greater variance.
The pattern in temperature difference is reflected in the spring and summer means and maxima. Small sample sizes restrict further analysis but average differences in maximum temperature in the order of 2-3°C are typical for both seasons. The outcomes appear reasonably robust to whether studies are weighted by inverse of variance, and the results were not driven by data from single studies.
Metaregression found no significant effect of buffer width but the statistical power was low because of the low number of studies. In all analyses, the coefficient was positive, which indicates that the difference in temperature tended to increase with greater buffer widths.
Group 2
Group 2 included studies comparing streams temperatures in open and forested landscapes. Ten studies were identified following full text assessment, and from which data could be retrieved (see Additional file 4) [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . These studies were in: New Zealand (3), UK (2), USA (2), Ireland (1), Spain (1) and Denmark (1). All were site comparisons. See Additional file 5 for the forest plots of each analysis.
The overall mean difference in mean temperature of open-landscape and forested streams is 1.48°C (95% CI = 0.60, 2.36). The effect size is larger for maximum temperature than mean temperatures (Table 2) . Maximum temperature was 4.94°C, lower in the presence of forest (95% CI = 2.70, 7.17). However, there is evidence that the effect varied among different studies (significant heterogeneity). Compared with Group 1 the effects sizes for mean and maximum temperature were markedly larger.
As with Group 1, the patterns in the seasonal means and maxima are similar to those of the annual values. Small samples sizes restrict further analysis. Unweighted figures suggests the weighting of effect sizes (by inverse variance) did not fundamentally alter the outcome of the synthesis, which suggests these results are robust to the assumption of comparability of variance calculation from different studies made by the meta-analysis. However, there was some evidence that single studies modified the magnitude of the effect size, increasing or decreasing it, but even so the general interpretation of the average was not affected.
Group 3
Group 3 included studies investigating the effects of forest harvesting and therefore comparing water temperature in logged versus unlogged (i.e. undisturbed) reaches or catchments. This group of studies has more complexity because in many cases, although trees were logged from the riparian zone, this did not necessary lead to a decrease in riparian shade because the logged trees were not always retrieved when they fell across the stream. Some studies reported that trees/woody logging debris was removed while others did not report this issue at all. Because of this problem, investigation of group 3 data would be better conducted as a separate review on the effects of logging rather than included in our review, which is considering the effects of riparian shade. Group 3 is primarily composed of North American/Canadian studies of the effects of logging old growth forests. A list of included articles is provided in Additional file 6.
Discussion
Data from the included studies were broadly in agreement that streams with trees in the riparian zone have a lower average water temperature, and reach lower maximum temperatures, than streams without trees in the riparian zone. The confidence intervals indicate the uncertainty in the magnitude of these effects.
Despite the consistency in the pattern, the strength of evidence this provides depends on the methodological quality of the studies in the analysis. Most of these studies were site comparisons (i.e. they compared the water temperature among streams, or different sections of the same stream, under different wooded riparian zone treatments). Significantly, many did not have baseline data to verify that the stream temperatures were similar in the absence of differences in tree presence. Further experimental manipulation e.g. [31] of tree presence could provide more reliable estimates of the effect size by accounting for the effects of confounding variables. \Our study was able to estimate the average effect size of the temperature difference across different studies. However, ideally, within a meta-analysis, variation in effect size among studies would be explored. We investigated the effect of buffer width. No significant effect was found but a larger sample size would improve statistical power. In particular, there was evidence of heterogeneity within the comparison of open and forested landscapes. Information on variables, such as river discharge, stream order, habitat type, aspects and other variables that may affect temperature were reported to varying extents by the articles. Because of this variation in reporting, in combination with the low number of studies, we could not explore the role of these variables on the effect size. Similarly, variation in how water temperature data were reported in the articles, which meant that the same data calculation procedure could not be applied consistently to all studies, could have affected our meta-analysis. However, the general similarity between the patterns of the weighted meta-analysis and unweighted averages indicate this did not introduce serious bias. Standardization of water temperature data presentation, and environmental contextual variables, as listed above, would aid future meta-analysis. We suggest that climate will be a first order driver but basin properties affecting microclimate and hydrology (relative contribution from surface vs. groundwater) and scaling (to thermal capacity) will also be important.
Most of the included studies measured water temperature from a small number of separate reaches. This is perhaps not surprising given the extensive fieldwork that can be involved. However, this feature does mean that it is not possible to make general conclusions based on the findings of a single study. Therefore, the approach of meta-analysis, combining data from multiple studies, is particularly powerful in this area of research to make more general conclusions on the effects of interventions. Meta-analysis can also be a simpler approach to ask questions such as on the effect of climate types that would be difficult to address within a single study, which are usually focused on one geographic region. However, meta-analysis is still limited by the number of studies reporting data that can be extracted.
Conclusions
Implication for policy
This systematic review provides evidence that wooded riparian zones can reduce stream temperatures, particularly in terms of maximum temperatures. Additionally, since temperature is known to affect fish and invertebrate life history, the reported effect sizes are likely to have a biological significance for the stream biotic community. Consequently investment in creation of wooded riparian zones might provide benefits in terms of mitigating some of the ecological effects of climate change on water temperature. Considerable uncertainty lies in the environmental variables that may modify the cooling effect of wooded riparian zones, and therefore it is not possible to identify when the use of trees for cooling would be most valuable. Variables such as stream width and river discharge (thermal capacity), river basin location (headwater or lowlands) and the degree to which the wider catchment is forested are likely to be critical controls on the efficacy of riparian trees as a temperature moderator. Our analysis also does not inform on how trees should be planted, in terms of buffer width, length of reach requiring a buffer and the types of trees that should be planted, nor on the roles of stand density/age and nature of understory vegetation. The results were broadly similar between group 1 (local scale tree variation e.g. buffers) and group 2 (larger scale tree variation e.g. forest/plantation), at least based on the limited data set we obtained (confidence intervals for the weighted average overlap except for spring maximum); however, our analysis did not specially test for a difference between these two groups, and this clearly requires further investigation. More strategic allocation of resources to riparian intervention requires development of the evidence base on the influence of these variables. Additionally, as stream biota vary in their specific thermal requirements [5, 44, 45] , and the impacts of climate change are not likely to be geographically uniform, the application of wooded buffer zones to reduce water temperature should be applied on a case by case basis to maximize their utility.
Implication for research
Using basic comparisons of stream temperature between treatment and control sites, it has been possible to demonstrate an effect of wooded riparian zones on both mean and maximum temperatures. The challenge for research is to enable better prediction of the effect of such an intervention across the full range of rivers and streams, as well as to provide information on the most effective design of riparian buffer. Fundamental process understanding about the energy and hydrological fluxes that determine river temperature in different riparian zone contexts is required. This mechanistic understanding is needed to underpin transferrable, process-based modelling studies and to factor out/ in confounding factors other than riparian tree cover.
Future research would be facilitated by standardisation of study design and reporting standards, particularly regarding the selection of temperature sampling sites, the presentation of means and variances over time and space and the reporting of other key environmental variables that can be expected to modify the effect size of the presence of trees in the riparian zone.
Although research suggests a link between the fish and other biota and water temperature, given that wooded buffer may have effects other than those on water temperature, further work should aim to review the evidence for effects of wooded buffer zones on biotic communities.
